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Films of Ti oxide, Zr oxide, Ce oxide, Ti-Ce oxide, and Zr-Ce oxide were made by means of reactive dc
magnetron sputtering in a multitarget arrangement. The films were characterized by x-ray diffraction
and electrochemical measurements, both techniques being firmly connected to stoichiometric informa-
tion. The optical constants n and k were evalued from spectrophotometry and from variable-angle
spectroscopic ellipsometry. The two analyses gave consistent results. It was found that n for the
mixed-oxide films varied smoothly between the values for the pure oxides, whereas k in the band-gap
range showed characteristic differences between Ti-Ce oxide and Zr-Ce oxide. It is speculated that this
difference is associated with structural effects. © 1998 Optical Society of America
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1. Introduction

Transparent optoionic devices require materials capa-
ble of the joint insertion–extraction of substantial
amounts of ions, such as H1 and Li1, and electrons
without having these processes cause optical absorp-
tion. Recent research has demonstrated that Ce-
oxide-containing thin films have the desired
properties, which makes them of considerable interest
as counterelectrodes in electrochromic smart win-
dows,1 as well as in other fields of innovative solid-
state ionics. The intercalation capacity is as large as
0.5 Li1 ions per Ce atom,2 indicating that the structure
is open enough for facile ion diffusion and pointing to
the ability to accommodate the corresponding elec-
tronic charge in the sharp 4f levels, which is a charac-
teristic feature of the electronic structure of Ce oxide.2,3

Limiting the discussion to sputter-deposited thin
films, prior studies of Ce-based films for optoionic
applications have focused on oxides of pure Ce,4 Ti-
Ce,5–10 Zr-Ce,8,11,12 Hf-Ce,12 and Nb-Ce,13 with some
attention also devoted to hydrous Ni-Ce oxide8 and
Sn-Ce oxide.8 The present study deals with the op-
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tical constants of as-deposited films of Ti-Ce oxide
and Zr-Ce oxide; the parameters are needed for a
fundamental understanding of the physics underly-
ing the optical properties as well as for providing
reliable input data for the modeling of the optical
performance of multilayer stacks that incorporate
these materials.

Section 2 below reports on thin-film fabrication by
use of multiple-target reactive dc magnetron sputter-
ing; the technique is novel and permits high deposi-
tion rates, as is elaborated elsewhere.14 Section 2
also treats materials characterization by a combina-
tion of x-ray diffraction and electrochemical measure-
ments, both of which are firmly connected to earlier
Rutherford backscattering data. Section 3 presents
optical analysis techniques together with extracted
optical constants. We employed spectrophotometric
transmittance and reflectance data, as well as spec-
troscopic ellipsometry; hence we determined the op-
tical constants with two independent techniques.
The two sets of data are in good agreement, which
ensures their reliability and attests to the internal
consistency of the two evaluation techniques. The
data are discussed in Section 4, in which we also
make some concluding remarks.

2. Samples

A. Thin-Film Deposition

The films were prepared by multiple-target reactive
dc magnetron sputtering by use of a deposition sys-
tem based on a Balzers Model UTT 400 unit. The
targets were mounted over the substrate with 13 cm
1 September 1998 y Vol. 37, No. 25 y APPLIED OPTICS 5993
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Table 1. Sputtering Parameters for Making Oxide Filmsa
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separating the target centers and the substrate cen-
ter. The targets were partly facing, with the angle
between the normals to the substrate and the targets
being 37°.14,15 They were 5-cm-diameter metallic
plates of Ti, Zr, and Ce, all of 99.9% purity. The
chosen system geometry makes it possible to achieve
high sputter rates.14,16

After evacuation to '1025 Pa by use of turbomo-
lecular pumping, sputtering took place at a pressure
p of Ar and O2—both of 99.998% purity—mixed by
means of keeping the O2yAr gas-flow ratio constant
at a value G. The powers delivered to the targets are
denoted PTi, PZr, and PCe. Table 1 lists pertinent
data for the various films: The number of targets
used and the power ranges employed for making
films with different compositions are evident. Films
of all compositions were deposited onto glass pre-
coated with a transparent and electrically conducting
indium tin oxide ~ITO! ~i.e., In2O3:Sn! layer17 that

ad a sheet resistance of 15 V. Films of Ti oxide and
r oxide were simultaneously deposited onto ITO and
olished-silica substrates, whereas films containing
e oxide were sputtered onto uncoated Corning 7059
lass plates. All substrates were maintained close
o room temperature during film manufacturing.

Film thickness was determined with surface pro-
lometry by use of a Tencor Alpha-Step instrument.
his produced a preliminary reading that was later
efined by evaluation of the optical data, as described
elow, to yield the thickness d. The investigated

films had 335 , d , 560 nm. The deposition rate r
was obtained by the division of d by the sputtering
time for films produced under constant conditions;
the data are given in the last column of Table 1.

B. Structural Characterization

Crystal structures were determined by x-ray diffrac-
tion with a Siemens Model D5000 diffractometer op-
erating with Cu Ka radiation in a conventional u–2u
setup. Films of Ti oxide and Ti-Ce oxide did not
produce x-ray diffraction patterns; hence they are
characterized as amorphous. Films of Zr oxide, Ce
oxide, and Zr-Ce oxide, however, yielded patterns
from which structural data were readily inferred.11,12

Figure 1 shows the results for five films, ranging from
pure Zr oxide to pure Ce oxide. These films were

Film
p

~Pa! G
PTi

~W!
PZr

~W!
PCe

~W!
r

~nmys!

Ti oxide 2.4 0.04 2 3
350

. . . . . . 0.11

Zr oxide 4.0 0.07 . . . 250 . . . 0.30
Ce oxide 5.1 0.01 . . . . . . 120 0.11
Ti-Ce oxide 2.4 0.04 2 3

300
. . . 80–140 0.23–0.35

Zr-Ce oxide 4.0 0.06 . . . 40–100 120 0.22–0.30

aData are given on the plasma pressure p, O2yAr mixing ratio G,
and power P delivered to the various targets. The deposition rate
is denoted r.
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deposited onto bare Corning glass, but there were no
significant differences among the diffractograms
from these samples and those recorded for films on
ITO-coated glass. The crystal sizes ranged from 7 to
12 nm, as is evident from the widths of the diffraction
peaks.

Films of Ce oxide and Zr-Ce oxide exhibited a cubic
structure, and their compositions could be deter-
mined from the lattice parameters by use of an em-
pirical relation found by Kim18 that accurately
represents the behavior of fluorite-structured Ce ox-
ide with Zr oxide added as a solid solution. Specif-
ically, the cubic-lattice parameter a is related to the
molar content of Zr oxide, denoted by m, by

a 5 0.5414 1 0.0220m~RZr 1 RCe!, (1)

where R is the ionic radii in nanometers. According
to Ref. 19, one has RZr 5 0.084 nm and RCe 5 0.097 nm.

he validity of Eq. ~1! was verified through our earlier
tudy12 in which atomic ratios were ascertained by

Rutherford backscattering spectrometry.

C. Electrochemical Characterization

Electrochemical measurements on the films were car-
ried out in an electrolyte of propylene carbonate with
1-M LiClO4 by use of a Solartron Model 1286 electro-

Fig. 1. X-ray diffractograms for oxide films based on Ce, Zr-Ce,
and Zr deposited onto glass. The vertical scale is different for Zr
oxide, as indicated.
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chemical interface. We used a three-electrode setup
with Li foil serving as a counterelectrode and a ref-
erence electrode. The experiment was performed in
a glove box with a water content of less than 5 parts
in 106.

Figure 2 shows cyclic voltammograms for films of
all types of interest in this study. Essentially, the
current flowing into or out of the film was recorded
while the voltage to the films was continuously swept
with 50 mVys between two set points. The data for
Ti-Ce oxide, shown in Fig. 2~a!, display very charac-
teristic shapes from which it is possible to determine
the compositions; these assignments rely on our pre-
vious research10 connecting voltammetry data to
atomic ratios as determined by Rutherford backscat-
tering spectrometry. Figure 2~b! shows the corre-
ponding data for Zr-Ce oxide. These results are
ully consistent with our earlier recordings.12

3. Optical Constants: Evaluation Techniques and
Data

A. Analysis with Spectrophotometry

The spectral normal transmittance T and near-
normal reflectance R were measured by use of three

Fig. 2. Cyclic voltammograms for films based on ~a! oxides of Ti
and Ti-Ce and ~b! oxides of Zr, Zr-Ce, and Ce. Composition and
film thickness d were as shown. The voltage was swept at
50 mVys in the directions indicated by the arrows.
1

double-beam spectrophotometers: Perkin-Elmer
Models Lambda 9 and Lambda 19 instruments and a
spectrophotometer based on a Monolight spectral an-
alyzer from Rees Instruments, Ltd. The Lambda 9
unit was equipped with an integrating sphere, and
measurements were performed for wavelengths l
from 300 to 2500 nm. Measurements made with the
Lambda 19 and Monolight instruments were re-
corded for 250 nm , l , 2500 nm and 200 nm , l ,
2500 nm, respectively. A diffusely scattering BaSO4
plate was used as the reflectance standard for the
Lambda 9 instrument, and specular evaporated Al
mirrors were used for the other units. The accuracy
of the spectrophotometric instruments is 60.001.
The solid curves in Fig. 3 show typical data for a
Ti-Ce oxide film on glass. Additional results were
taken for the bare glass substrate ~dotted curves!.

rom the integrating-sphere measurements, we
ould not detect any differences between the total and
he specular data; consequently, the scattering is less
han 0.01. Typical scattering levels of sputter-
eposited oxide films of the present type were earlier
ound to be ;0.001.20

The optical constants n and k were evaluated for
lms on glass from computations based on amplitude
atios for transmittance and reflectance at the air–
lm, film–glass, and glass–air interfaces by use of
resnel equations21 and a two-dimensional Newton–

Raphson iteration scheme. The technique—here re-
ferred to as the RT method—essentially follows the
procedures reported in detail elsewhere.17 Figure 4
shows some typical results obtained with this
method. When the ratio dyl is approximately unity,
there are normally problems with multiple solutions,
especially for the determination of the refractive in-
dex n. To obtain reliable results for this parameter,
we resorted to the Forouhi–Bloomer technique,22

whose usefulness is illustrated in Fig. 4 and ex-
plained below. This technique is not accurate
enough for all materials23 but worked well in our case
over the measured range.

Fig. 3. Spectral transmittance and reflectance measured for a glass
substrate with and without a Ti-Ce oxide film having the shown
composition and thickness d. Dashed curves pertain to results
computed from the optical constants reported in Figs. 4 and 6.
September 1998 y Vol. 37, No. 25 y APPLIED OPTICS 5995
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The extinction coefficient k of an amorphous mate-
ial can be fitted by use of only four parameters,
enoted A, B, C, and Eg, according to

k~E! 5
A~E 2 Eg!

2

E2 2 BE 1 C
, (2)

where E is the photon energy. Figure 4~b! presents
an empirical curve of k for a Ti-Ce oxide film, ob-
tained with the RT inversion method described above
together with a fit based on the Forouhi–Bloomer
procedure with the parameters A 5 0.12, B 5 7.0,
C 5 12.9, and Eg 5 2.5. The refractive index is then
found when these fitting parameters are put into the
Kramers–Kronig relations, where the refractive in-
dex in the limit of high energies n~`! is used as a fifth
fitting parameter.22 For Fig. 4~a! we used n~`! 5
1.98 to obtain the fit ~solid curve! to the experimental
data. The experimental data on T and R can be very
well represented by the extracted values of n and k,

Fig. 4. Spectral optical constants n and k for a Ti-Ce oxide film
with the shown composition. ~a! Data on n obtained from a direct
application of the RT method as well as from a Forouhi–Bloomer fit
~according to Ref. 22! by use of the data for k represented by the
ontinuous curve in ~b!. Note that wavelength and energy are
sed on the horizontal axes in parts ~a! and ~b!, respectively.
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s is apparent from the excellent agreement between
he solid and the dashed curves in Fig. 3.

B. Analysis with Ellipsometry

Spectroscopic variable-angle ellipsometry was em-
ployed in the 280 nm , l , 1700 nm range with a
variable-angle spectroscopic ellipsometer from the
J. A. Woollam Company. These recordings were
supplemented in the full 200 nm , l , 2500 nm
range by the spectrophotometrically determined nor-
mal transmittance obtained with the Perkin-Elmer
Lambda 19 instrument. Ellipsometric data were
taken at three to five different angles in the 50°–75°
range. The outputs from the instrument are the
common ellipsometric parameters D and C, repre-
senting the ratio of complex Fresnel reflection coeffi-
cients21 for s- and p-polarized light, according to rpyrs
[ tan~C!exp~iD!. The solid curves in Fig. 5 show
characteristic data on C~l!, D~l!, and T~l! for the
same Ti-Ce oxide film that was analyzed with the RT
method in Subsection 3.A. A wealth of data is ac-
quired by measurement with ellipsometry at four an-
gles. The film thicknesses given in Figs. 3 and 5 are
reassuringly similar, although not identical. They
were derived from the optical evaluation of the em-
pirical data.

Optical constants were determined by the fitting of
the ellipsometric and spectrophotometric data simul-
taneously by use of the Levenberg–Marqardt meth-
od24 with a two-layer model, wherein the top layer
consists of an effective medium comprising the un-
derlying ~dense! layer and a fixed portion ~50%! of
oids.25 Optical data were fitted to a parametric

semiconductor-dispersion model26,27 that was found
to represent disordered materials adequately.28,29

The dashed curves in Fig. 5 illustrate the very good fit
to the empirical data that can be achieved by properly
chosen values for n~l! and k~l!.

C. Data on n and k

We first consider the consistency of the two tech-
niques for determining optical constants by compar-
ing the two sets of data for n~l! and k~l! that underlie
the computed results shown in Figs. 3 and 5. As
depicted in Fig. 6, the values obtained from the RT
method and from ellipsometry are in good agreement
across the full investigated spectral range. Specific
results for n~l! as determined by the two techniques
are given in Table 2 for 400 nm , l , 800 nm. It is
shown that all values of n agree to within 0.05, except
or the Ce oxide and the thickest Zr-Ce oxide films, for
hich agreement was to within 0.1. It was also

ound that the refractive indices are slightly higher
or the ellipsometric data. A similar tendency was
oted in a roundrobin optical constant determination
or Sc2O3.30 At wavelengths beyond ;700 nm, the

tendency regarding n is reversed, as is apparent from
Fig. 6~a!.

The samples with the highest discrepancy of values
of n between the two methods—i.e., the Ce oxide films
and the thickest Zr-Ce oxide film—showed signs of
being inhomogeneous, which can either be due to
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stoichiometric or structural variations. In the mod-
eling of the ellipsometric data, a thicker top layer had
to be used to obtain a good fit for these films. Some
semiquantitative results on the inhomogeneities can
be inferred by consideration of the variation of n,
1

denoted Dn, across the thickness of these films. This
parameter is related to the fact that the reflectance of
an uncoated substrate is higher than the minimum
reflectance of the film–substrate tandem observed in
a certain wavelength range. The reflectance data
indicate a negative film inhomogeneity, meaning that
the refractive index is lower at the film–air interface

Fig. 6. Spectral optical constants n and k for the Ti-Ce oxide film
whose spectrophotometric analysis ~by the RT method! and ellip-
sometric analysis were reported in Figs. 3–5. Note that the wave-
length scales are different in ~a! and ~b!.

Table 2. Refractive Index n at Various Wavelengths l as Determined
from Spectrophotometric Reflectance and Transmittance ~RT Method!

and from Spectroscopic Ellipsometry ~SE!

Film Method

n ~l!

400
nm

500
nm

600
nm

700
nm

800
nm

Ti oxide RT 2.28 2.14 2.10 2.07 2.06
SE 2.33 2.19 2.14 2.11 2.10

Zr oxide RT 1.80 1.79 1.78 1.78 1.78
SE 1.84 1.81 1.80 1.80 1.79

Ce oxide RT 2.04 1.98 1.97 1.96 1.95
SE 2.16 2.04 1.99 1.97 1.96

Ti-Ce oxide RT 2.28 2.14 2.09 2.07 2.05
~CeyTi ' 0.6! SE 2.32 2.15 2.09 2.06 2.05
Zr-Ce oxide RT 1.97 1.91 1.89 1.88 1.87
~CeyZr ' 3! SE 2.07 1.98 1.94 1.92 1.91
Fig. 5. Spectral ellipsometric coefficients ~a! C and ~b! D. ~c!
pectral transmittance. Measurements are for a glass substrate
ith a Ti-Ce oxide film having the shown composition and thick-
ess d. The spectroscopic ellipsometry data were taken at four
ngles uSE. The spectrophotometric transmittance was also re-

corded for a bare substrate. The dashed curves pertain to results
computed from the optical constants reported in Fig. 6.
September 1998 y Vol. 37, No. 25 y APPLIED OPTICS 5997
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than at the film–substrate interface. It is possible to
estimate Dn by an empirical relation,30 assuming a
stack of thin homogeneous layers with varying refrac-
tive index, that states that

Dn 5 navDRy4.4Rsub. (3)

Here DR is the difference between the minimum re-
ectance of the film and the reflectance of the un-
oated substrate, nav is the average refractive index

of the film, and

Rsub 5 Snsub 2 1
nsub 1 1D

2

, (4)

where nsub is the substrate’s refractive index. Spe-
cifically, we replaced nav with our empirical n. The
argest inhomogeneity was noted for the Ce oxide
lm, for which we estimate that Dn is ;0.3. This

large inhomogeneity is not surprising because Ce ox-
ide is known to be prone to forming inhomogeneous
layers.31,32

Figures 7 and 8 summarize our empirical results
for n and k for as-deposited films of Ti-Ce oxide and

r-Ce oxide with different compositions. Consider-
ng the similarity between the data obtained by the
wo analytical techniques, we limit the exposition to

Fig. 7. Spectral optical constants n and k for oxides of Ti, Ti-Ce,
and Ce. The data are based on ellipsometric recordings. Note
that the wavelength scales are different in ~a! and ~b!.
998 APPLIED OPTICS y Vol. 37, No. 25 y 1 September 1998
results determined by variable-angle spectroscopic
ellipsometry. Ellipsometric optical constants were
also determined for films deposited onto ITO-coated
glass. There were no significant differences be-
tween data taken with or without the ITO.

4. Discussion and Concluding Remarks

We first consider the refractive indices for the pure
oxides of Ti, Zr, and Ce. All data are confined to l 5
500 nm. Our Ti oxide films had a refractive index of
n ' 2.2. Films of this material have been thor-
ughly investigated in the past,33–35 and it has been

demonstrated that n can lie between 2.18 and 2.61,
depending on preparation technique. Our value of n
s at the low end, pointing to a porous film structure.

Concerning Zr oxide, we found a refractive index
' 1.8, which is consistent with earlier reports of

1.7 , n , 2.2 for films made by laser fusion,36

electron-beam evaporation,37–40 and reactive magne-
tron sputtering.41,42 The highest index, n ' 2.2, was
eported for ion-assisted deposition.39,40

Our Ce oxide films were characterized by a refrac-

Fig. 8. Spectral optical constants n and k for oxides of Zr, Zr-Ce,
and Ce. The data are based on ellipsometric recordings. Refrac-
tive indices for films with CeyZr ' 3 and CeyZr ' 4 are almost
overlapping. Note that the wavelength scales are different in ~a!
and ~b!.
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tive index of n ' 2.0. It is known that n is sensitive
to the conditions for film preparation, as noted above,
and values between 1.8 and 2.5 have been report-
ed.31,43 Ion bombardment and substrate heating are
onducive to a high refractive index.31,32,44 The Ce

oxide films have a high absorption, at l , 400 nm.
Our results on the absorptance are consistent with
literature data.45–49

Optical constants for our films of Ti-Ce oxide and
Zr-Ce oxide are reported in Fig. 9. The data for n
vary smoothly between the limiting values for the
pure constituents; a similar trend has been reported
for Ce oxide mixed with Si oxide.50 Our results for
Ti-Ce oxide are, in principle, in agreement with ear-
lier data25 on films of this material, whereas, as far as
we know, no optical properties have previously been
reported for Zr-Ce oxide.

Results on the absorption level have been given for
Ce oxide mixed with Sn oxide,45–47,51 Ge oxide,51

SiO,48 In2O3,48,49 and Te oxide.49 It was found that
the absorption was enhanced with increasing Ce con-
tent. Figure 9 depicts the extinction coefficient at
l 5 350 nm for films of Ti-Ce oxide @Fig. 9~a!# and

r-Ce oxide @Fig. 9~b!#. The two kinds of oxides ex-
ibit intriguing differences with Ti-Ce oxide, showing
peak in k at an intermediate composition, whereas
r-Ce oxide has an extinction coefficient that seems
o vary smoothly between the values of the two pure

Fig. 9. Refractive index at a wavelength of 550 nm and extinction
coefficient at a wavelength of 350 nm versus the Ce content for
films of ~a! Ti-Ce oxide and ~b! Zr-Ce oxide. The symbols denote
mpirical data, and curves were drawn for convenience.
1

xides. It is natural to associate this dichotomy with
he fact that Ti-Ce oxide is amorphous, whereas
r-Ce oxide is crystalline ~cf. Section 2!, but we are at

present unable to offer anything more than this gen-
eral argument.

A key feature of our research has been the desire to
obtain reliable optical constants, and to that end we
have exploited two complementary analysis tech-
niques. It may be worthwhile to ponder some gen-
eral difficulties of determining the values of n and k
for thin films. One such problem is associated with
the columnar structure52 that is common in physi-
cally vapor-deposited films ~but was not studied for
the present samples!. Furthermore, the columns
can vary with the depth inside the films, thus leading
to a graded index. Effective-medium theories can be
extended to encompass columnar features,53 but such
n approach adds complexity and uncertainties, and
onsidering additional difficulties connected with
toichiometric differences, thickness variations, and
urface roughness, one might question the usefulness
f elaborate theoretical models to account for the col-
mns.
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